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Abstract. T his  p ap e r is an  overview of th e  field of p ro to n  th e rap y  m onito ring  in  rea l tim e 
using p ro m p t gam m a rad ia tion . D ifferent approaches providing e ither in teg ra ted  or differential 
in fo rm ation  are described, and  th e ir  m a tu rity , lim ita tions and  clinical usefulness are discussed. 
In  th e  second p a r t , th e  SiFi-C C  p ro jec t is briefly in troduced , w hich aim s a t th e  developm ent 
of a  C om pton  cam era  for p ro m p t gam m a im aging, en tire ly  based  on fibres m ade of a  heavy, 
inorganic sc in tilla to r read  o u t by silicon pho tom ultip liers. T h is  com pact so lu tion  offers very 
good tim ing  p roperties, h igh g ranu la rity  and  a  m odern  d a ta  acquisition  system , addressing 
previously  identified issues.
1. In tro d u ctio n
Over seventy years ago Robert Wilson proposed to use ion beams for tumour treatm ent [1]. He 
combined the theoretical developments of Hans Bethe describing energy losses of protons and 
heavier ions when traversing a medium, with the technical achievements of Ernest O. Lawrence, 
who built the first cyclotron. Although the use of heavier ions allows to enhance biological 
effectiveness of deposited dose and optimize its conformality, protons still remain the main type 
of ions used for ion beam radiotherapy, as proposed in Wilson's original paper. The reason 
for this is simplicity and a relatively low cost of proton cyclotrons compared to the cost of 
accelerators for heavier ion beams. Thus, proton therapy is one of the most important methods 
of tumour treatm ent, next to surgery, chemotherapy, conventional radiotherapy and emerging 
immunotherapy (Nobel prize in medicine 2018).
The field of proton therapy (PT) was rapidly developing over those seven decades: we learned 
how to fully utilize the Bragg peak, what are the benefits of fractionated delivery or how to 
stretch the region of maximum dose (spread-out Bragg peak). In the 1990s there was a transfer 
of technology from research centres to hospitals. Commercial companies entered the field and 
around 2000 already the off-the-shelf solutions for P T  became available. The XXI century has 
brought further progress: multi-field irradiation, the use of gantries and scanning pencil beams, 
modern CT- and PET-assisted evaluation of treatm ent plans based on sophisticated computer 
simulations [2]. Those developments were followed by a rapid growth of the number of ion-beam 
therapy centres, which doubled in the last decade and is close to 100, with another 40 under 
construction [3].
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Proton therapy owes its popularity to the features of proton interaction with m atter with its 
characteristic Bragg peak, which gives a lot of freedom in shaping the distribution of deposited 
dose and allows to a large extent to spare healthy tissues surrounding the tumour. In particular, 
the dose depth profile falls down rapidly to zero directly after the Bragg peak, therefore the 
tissues located deeper do not receive any dose. However, the existence of the Bragg peak and 
its steep distal falloff in the dose depth profile which are the main advantages of protons over X- 
rays make the proton therapy more susceptible to errors. The thorough analysis of beam range 
uncertainties in the patient was performed by Paganetti [4]. The sources of those uncertainties 
are in patient positioning, patient anatomical changes and translation of CT to water equivalent 
units. In clinical practice, this leads to the necessity of using safety margins. Each P T  centre 
defines them differently, typical values are from a few millimetres up to over a centimetre for 
deeply located tumours. They define an extra dose delivered to a patient to account for possible 
uncontrolled variations of beam range within uncertainties. The way to reduce beam range 
uncertainties and consequently safety margins would mean a lower dose delivered to a patient 
and thus lower risk of long-term side effects. This can be achieved by on-line monitoring of the 
deposited dose distribution in proton therapy. The development of necessary tools was one of 
the highlights of the 2014 NuPECC report [5].
There are different approaches to ion beam therapy monitoring currently under development. 
Most of them are based on the same idea of exploiting by-products of patient irradiation with 
proton beam: acoustic wave [6], protons [7], neutrons [8], ^ +-emitters [9] or gamma radiation, 
which is the main focus of this paper. Of the listed by-products, prompt gamma radiation (PG), 
typically of a few MeV energy (from 1-2 MeV up to about 7 MeV), has the advantage tha t it is 
produced instantaneously and it leaves the patient body mostly without any interaction on its 
way out. Thus, it carries undisturbed information from the place of its origin. The characteristics 
of the prompt gamma radiation allows to pinpoint the Bragg peak position and conclude about 
the deposited dose distribution [10- 12]. A variety of different approaches exploiting PG are 
currently being developed, here they have been divided into two groups. The next section 
focuses on devices providing one-dimensional information allowing to verify beam range. In the 
following section the setups enabling full three-dimensional reconstruction of the deposited dose 
are described, including the SiFi-CC project realized by our group.
2. P ro to n  b e a m  ran g e  v erifica tion
Range of the proton beam inside the patient can be deduced using different properties of prompt 
gamma radiation: its spatial, temporal or energy distributions.
2.1. Slit camera
A slit camera is probably the most natural approach, an analogue of a pinhole camera, but 
providing one-dimensional imaging, see fig. 1. Feasibility studies were performed by several 
groups [13- 15]. The worldwide first test of a slit-camera setup in clinical conditions during 
patient treatm ent was reported in ref. [16] by the Dresden group in collaboration with OncoRay 
and IBA. Their camera was mounted on a movable trolley and consisted of a knife-edge shaped 
tungsten collimator and an array of 4 mm wide scintillating strips made of LYSO, read out by 
silicone photomultipliers (SiPMs). The authors focused on the monitoring of inter-fractional 
range variations rather than absolute range determination and the treatm ent modality was 
passively scattered proton therapy. Those variations were determined to be within ±2 mm. In 
the following report [17] the group confirmed in the measurements with a head phantom that 
a precision of ±2 mm in range verification can be obtained for pencil beam scanning (PBS). 
However, integration of the setup comprising a massive collimator into the clinical environment 
still poses a challenge.
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F ig u re  1. Principle of operation of a 
slit camera. Prom pt gamma rays are im­
aged using a single slit onto a position- 
sensitive detector. Spatial hit distri­
bution allows to conclude about range 
shifts, while time and energy information 
are used to suppress background.
F ig u re  2. Principle of the PG T and 
PG PI methods. Both of them rely on 
recorded distributions of time between 
beam bunch and registered gamma rays. 
Analysis of the mean, width and integral 
of those distributions yields information 
about beam range.
A generalization of this concept is a multi-slit camera. Smeets et al. compared experimentally 
(using beam energies of 100, 160 and 230 MeV) two collimated setups: one with a knife- 
edge shaped collimator (KES), and the other with a multi-slit collimator (MPS) of the same 
weight [18], the slits parallel to each other. The layouts of both collimators were optimized by 
means of Monte-Carlo simulations. Each collimator was combined with the same detector setup, 
described in the first paragraph of this section. Due to a smaller field of view, KES provided 
imaging of the Bragg peak region only, while MPS allowed to image also the beam entrance 
point. However, in terms of the range retrieval, KES was shown to require only half of the dose 
MPS needed to obtained the same statistical precision. Thus, the authors concluded KES be 
the favourable option for further development.
A similar collimated setup was built and tested experimentally by Park et al. [19]. The 
geometry of both the collimator (coarser pattern) and the detector (finer granulation) was 
somewhat different than in case of [18]. The detector was made of CsI(Tl) and read out by 
photodiodes, as more radiation-hard than SiPMs. The authors presented reconstructed gamma 
depth profiles for different beam energies from the range 95 -1 8 6  MeV, and for each beam energy 
for four different numbers of delivered protons, between 7.5 x 107 and 7.5 x 109. It turned out 
possible to locate the distal dose falloff (d90%), defined as the depth of distal 90% dose in a 
depth-dose curve, within about 2 -  3 mm of error for the spots which were irradiated with at 
least 3.8 x 108 protons, regardless of the beam energy. In a typical realistic treatm ent plan such 
a dose is delivered only to some of the spots.
A collimated system with many knife-edge shaped slits was studied by Ready et al. [20; 21]. 
In this design the slits formed a 2d pattern, thereby allowing 2d imaging. The gamma quanta 
were detected using a position-sensitive LFS detector. Experimental tests were performed with 
a 50 MeV proton beam of clinical beam current, showing the precision of relative Bragg peak 
localization of about 1 mm (2a) at the delivery of only 1.8 x 108 protons. A serious limitation, 
though, was the distance of the collimator front face to the beam axis of only 8 cm. For larger 
distances the collimator would need to be re-optimized. Measurements with larger proton beam 
energies are also needed to verify the performance in realistic proton therapy conditions.
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2.2. Prompt-gamma timing and peak integrals
Instead of recording the spatial distributions of prompt-gamma radiation, Golnik et al. 
and Testa et al. proposed a novel concept of range assessment by prompt-gamma timing 
(PGT) [22; 23]. The concept was based on the fact, tha t the time when protons penetrate 
the patient tissue before stopping depends on the proton range. Only in this time the prompt- 
gamma photons can be produced. The realization requires a set of two fast detectors providing a 
good time resolution, one of them registering the moment when proton bunch is about to enter 
the patient, the other the moment of prompt-gamma detection. Alternatively a signal from 
cyclotron timing can be used as a start, as depicted in fig. 2. The distribution of time elapsed 
between the two signals, the so called PG T spectrum, allows to conclude about the proton 
range by comparing it with the PG T spectrum modelled in the simulations. The simplicity of 
the setup is an undeniable advantage of this approach.
After initial tests constituting a proof of principle [24], developments towards translation 
of the method to clinics have been undertaken and reported recently [25]. For this purpose, 
a series of measurements was performed using a phantom with air cavities and a close-to- 
realistic treatm ent plan. The detection unit consisted of a CeBr3 crystal coupled to a classical 
photomultiplier tube (PMT). The scintillator material was chosen for its short decay time and 
excellent energy resolution. The signals were fed to and processed in a custom FEE unit U100 
attached to the PM T. The signals were analyzed for a single spot or summed up over the whole 
layer. In the first case there is clearly insufficient statistics and even with additional detection 
units of the same type it would be hard to reach a precision below 10 mm. However, the 
PG T spectra for a layer were conclusive and provided a precision of 2-3 mm. The group is 
planning further development of the setup by adding extra detector units and increasing their 
rate capacity as well as more tests in the clinical conditions.
In its original form, PG T method uses the statistical momenta of the timing distributions, i.e. 
its mean and width. Krimmer et al. proposed to add to those features also peak integrals of the 
PG T spectra. This variation is called Prom pt Gamma Peak Integrals (PGPI). In an experiment 
with LaBr3 and BaF2 detectors, a PMMA phantom and a beam of about 65 MeV energy 
passing through a modulator wheel, the sensitivity of peak integrals to the proton range in the 
phantom has been demonstrated. The used energy range is a lower limit of tha t used clinically, a 
favourable one for PG measurements due to lower count rate and neutron background. Thus the 
authors used Monte-Carlo methods, benchmarked at tha t energy, to simulate the setup response 
at higher energies. A precision of about 3 mm in range verification was obtained. In the multiple- 
detector setup it is possible to additionally detect target misplacements by comparing signals 
from different detector units.
2.3. Prompt-gamma spectroscopy
Yet a different approach, so called Prompt Gamma Spectroscopy (PGS) exploiting spectral 
characteristics of the prompt-gamma radiation, was proposed by Verburg et al. [26; 27]. The 
scheme requires a collimated detector of good energy resolution, directed onto the distal edge 
of the Bragg peak, as shown schematically in fig. 3. Cross sections of emissions of the PG from 
discrete transitions, e.g. from the reactions 12C(p , p Y 4.44MeV)12C and 16O(p , p Y 6.13MeV)16O, 
depend on proton energy in the observed region. Moreover, tha t dependence is PG energy- 
specific. Therefore, comparing the yields of the registered prompt gammas corresponding to 
different discrete transitions, one can conclude about the residual proton energy and thus about 
the residual range. As a by-product, elemental composition of the observed tissue can be 
determined. The initial tests were performed in MGH Boston with a single LaBr3 detector with 
an active anti-Compton shield (ACS) made of BGO, all scintillators read out by classical PMTs. 
A 15 cm thick lead collimator was used in front of the detector. Timing information (relative to 
cyclotron timing) and ACS response were used to suppress neutron-induced background. Also
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F ig u re  3. Principle of the PGS
method requires registration of PG 
energy in a collimated detector. Anal­
ysis of yields of PGs originating from 
different discrete transitions provides 
information about residual range. 
Time information is used to suppress 
background.
F ig u re  4. In the GEVI method the PG is 
first converted into an electron via Compton 
scattering. The electron is tracked and its 
energy registered, triple coincidence being a 
trigger. The tracks, back-projected onto the 
image plane, deliver a 2d image, which is 
then projected onto the beam axis, delivering 
information about beam range. Patterns 
of energy deposits are used to suppress 
background from other particle species.
here the counting statistics was of a certain limitation and a summation over a whole layer 
had to be performed, but as a proof of principle, the experiment was successful. In 2018 the 
group presented a full-scale clinical prototype consisting of eight LaBr3 detectors, a tungsten 
collimator and a dedicated custom electronics of high rate capacity (107 s-1 ) [28]. The detectors 
were mounted on a rotating frame, allowing to adjust the setup to the irradiation direction. 
Using sophisticated methods of suppression of proton- and neutron induced background as well 
as Monte-Carlo supported models of the expected detector response, in measurements with a 
water phantom the authors achieved a 1.1 mm precision in proton range verification at a clinical 
beam current and dose. The difficulty resulting from limited statistics has been overcome by 
introducing multiple detection units and a high-throughput front-end electronics. The group is 
planning commissioning of the system with an anthropomorphic phantom followed by a clinical 
study with patients.
2.4. Gamma-electron vertex imaging
Although this method is based on prompt-gamma emission, the gamma rays are detected only 
indirectly via their Compton scattering in a beryllium gamma-electron converter and tracking 
of the recoiled electron. The concept called GEVI was proposed by a Korean group [29], that 
recently showed experimental results with test beams [30]. The electron tracking is done with 
the use of a three-stage hodoscope consisting of two double-sided silicon strip detectors and 
a calorimeter made of plastic scintillator, as depicted schematically in fig. 4. The electron 
trajectory is reconstructed based on the hit positions in the silicon detectors and back-projected 
onto the imaging plane. Event selection by a triple coincidence and cuts on energy deposits in 
each detection stage allows to suppress background very efficiently. The group performed test 
experiments with an HDPE phantom and 6.24 x 109 delivered protons for seven beam energies
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between 90 and 180 MeV. Two-dmensional images were reconstructed, tha t were subsequently 
projected onto the beam axis for the purpose of range determination. The observed distal falloff 
in the projected images at each energy occurred at 0.94 of the proton range at tha t energy. 
According to the authors, the method allows to determine proton range with a precision of 
2.7 mm. One should observe, though, tha t all results were obtained by the group with the same 
phantom material. For phantoms with other elemental composition (or in case or a real patient 
treatment) the shape of the distal falloff may be different. Thus, it remains an open question 
whether the factor 0.94 can be applied and to which extent it is universal. W hat still needs to 
be explained is a much lower than expected imaging sensitivity of the system (1.6 x 10-6 versus 
1.2 x 10-5 ), which is probably due to dead time. Nevertheless, the setup, lightweight and simple, 
is a good candidate for clinical applications.
3. V erifica tion  o f d ep o s ited  dose d is tr ib u tio n
Even more desirable than the range verification is a full, three-dimensional reconstruction of the 
deposited dose distribution.
3.1. Positron emission tomography
Although the use of positron emission tomography for proton therapy monitoring is not a 
prompt-gamma-based method, it must be included in this compilation due to the recent 
spectacular progress in this field. The method also relies on detection of gamma quanta, even 
though their energy is lower than in prompt-gamma imaging (511 keV versus a-few MeV), see 
fig. 5. Those annihilation photons are created by positrons released from emitters produced 
by the proton beam interacting with the patient tissue. Until recently, PET scans were performed 
in a different room than the irradiation, or in a different place of the irradiation room, and were 
considered a useful tool for post-irradiation control rather than a method of proton therapy 
monitoring in vivo and in situ [31]. It was believed tha t the time required to collect sufficient 
statistics was too large to use tha t method for this purpose, mostly due to long lifetime of the 
emitters reaching up to several minutes. The long acquisition time was leading to biological 
washout of reaction products which blurred the image. A breakthrough has come with the 
development of a high-acceptance, high-efficiency INSIDE setup currently operated at CNAO, 
Pavia [9]. The group of Bisogni built a setup, which contains not only a PE T  scanner formed 
by two planar heads, but also a charged particle tracker, which is useful mostly for monitoring 
of therapy with heavier ion beams. The commissioning showed tha t the PE T  scanner operates 
very well under clinical conditions and allows to reconstruct a map of induced activity of a 
millimetric resolution. The detector consists of scintillating crystals made of LFS coupled to 
SiPMs, which in turn  are read out by custom electronic modules providing energy and time 
stamps for the signals. The modules were designed to withstand the rates during irradiation with 
the synchrotron beams of CNAO. The first clinical test with a patient was reported in 2018 [32]. 
The on-the-fly reconstructed activity map was quantitatively compared to the simulated map. 
Comparison was also performed between two consecutive treatm ent sessions. Range agreement 
within 1 mm was demonstrated, which proved the method and setup useful for verification of 
dose distribution in proton therapy. An open question remains, however, whether or not the 
setup can be integrated with a gantry.
3.2. Prompt-gamma imaging
Another type of setups are used to reconstruct a map of prompt-gamma activity induced in 
irradiation: Compton cameras (CC). Such detectors consist of two modules: a scatterer and an 
absorber, as shown in fig. 6. Sometimes setups containing more modules are used to increase 
detection efficiency. Of interest are the coincident events, in which a signal of Compton-scattered 
electron is recorded in the scatterer and the scattered gamma is then fully absorbed in the
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F ig u re  5. PE T  used for proton therapy 
monitoring: lines-of-response built from 
hit positions allow to reconstruct a three­
dimensional map of fi+ activity and 
compare it with the one expected from 
Monte-Carlo simulation.
F ig u re  6. Principle of operation of a 
Compton camera. From hit positions 
and energy deposits in the two modules 
of a CC a cone of possible directions 
of impinging PGs is reconstructed. 
Superposition of such cones delivers a 
three-dimensional map of PG  emission.
absorber. Both modules need to provide information on position and deposited energy. Compton 
kinematics allows to constrain the direction of the original gamma to a surface of a cone or even 
a part of it, if the scattered electron is tracked. Superposition of many of such cones form 
an image. Registration of a triple interaction of a gamma in the detector fully determines the 
energy of the original gamma [33], but on the cost of the reduced detection efficiency. In principle 
already a single CC is capable of delivering a three-dimensional image, its resolution is rather 
poor in the direction normal to the modules planes though. A combination of two CCs observing 
the target at normal directions improves the situation. The prompt-gamma imaging by means 
of Compton cameras was approached by several groups using different setup designs.
• The Lyon group studied via simulations a CC with a scatterer made of double-sided silicon 
strip detectors and an absorber consisting of 100 streaked BGO crystals [34]. A similar setup 
was built in Munich by Thirolf et al., with six planes in the scatterer and a monolithic LaBr3 
read out by a multi-anode PM T as an absorber [35]. An image resolution of 3.7 mm was 
achieved when imaging point-like sources of 1.33 MeV energy. It was also considered to 
substitute the scatterer with a pixelated GAGG detector developed by the Japanese group 
(described below) [36].
• A CC of the type semiconductor plus scintillator was also proposed and characterized by the 
Dresden group [37]. The scatterer consisted of two cross-strip CZT detectors and a single­
block LSO detector was used as an absorber. Subsequently the setup was modified and 
the absorber was replaced with a set of three segmented BGO detectors, each of them read 
out by a set of 4 classical photomultipliers. That setup was tested with 4.4 MeV gammas 
and the feasibility of imaging of such energetic gamma quanta was proven [38]. However, 
the determined setup efficiency and deduced number of expected registered prompt-gamma 
events were by far insufficient for imaging at clinical dose rates.
•  A setup based solely on commercially available, semiconducting CZT detectors was built 
and tested by the Baltimore group [39]. Those detectors have the advantage of excellent 
energy resolution, but on the cost of time resolution and longer signal duration than in 
case of fast scintillators. Polf et al. tested extensively the performance of a multi-stage 
CC. Recently, the group performed measurements with a small-scale prototype under 
clinical conditions [33] and proved the feasibility of producing 3d images, although it
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required sophisticated energy reconstruction and event selection methods. Depending on 
the irradiation scheme, it was possible to detect range shifts of 2-3 mm.
• A camera consisting of monolithic blocks of LaBr3 scintillator read out by arrays of 
SiPMs was proposed by Llosa et al. [40]. In the initial tests of a first version of the 
MACACO Compton telescope consisting at tha t time of two modules, point-like sources of 
energies 2-7 MeV were reconstructed with 3-5 mm resolution. Although the potential to 
observe peak-location differences within 10 mm for a 150 MeV beam was demonstrated, 
available time resolution and detection efficiency still appeared as a problem. The group 
addressed those issues and reported performance of an improved detector plane [41].
•  Another compact (handheld) setup, in which both modules were built from GAGG crystals 
and SiPMs was proposed by the Japanese group [42]. The modules consisted of small ’pixel’ 
crystals of the dimensions 2 x 2 x 4 mm3 (scatterer) and of 2 x 2 x 2 mm3 (absorber). The 
first setup did not have sufficient resolution to draw conclusions about possible range shifts 
in proton therapy. The group introduced modifications, among others reducing all pixels to 
be cubes of 2 mm and substituting SiPMs with multi-anode PMTs, and an attem pt to image 
4.4 MeV gammas emitted from PMMA phantoms irradiated with a 70 MeV proton beam 
was undertaken [43]. The conditions were far from clinical - reduced beam current of 3 pA 
and measurement time of 5 h allowed to collect a vast statistics. Although the capability to 
use 4.4 MeV prompt gamma rays for imaging was demonstrated, no quantitative analysis 
of range retrieval or feasibility of use in clinical conditions were presented.
3.3. The SiFi-CC project
SiFi-CC is a yet different design of a Compton camera, proposed by our group [44], i.e. physicists 
from the Jagiellonian University in Cracow, Poland and RWTH Aachen University in Germany. 
Its name can be resolved as SiPM- and scintilation-Fiber-based Compton Camera. In the 
proposed setup both scatterer and absorber will be built of fibers made from an inorganic 
scintillator of high detection efficiency for a-few MeV gammas. The fibers will be coupled to 
SiPMs from both sides. Fibers will be arranged into layers and layers will be stacked forming 
modules. Among the considered materials were GAGG, LuAG and LYSO. Fiber performance 
was studied experimentally for the geometry of 1 x 1 x 100 mm3, which is aimed as the CC 
building blocks [45]. Energy and time resolution, light output and attenuation length for the 
scintillation light were compared. Those tests allowed to select LYSO, which beside very good 
performance is rather inexpensive and widely available. Readout will be performed by custom 
boards developed for the J-PE T project [46], which are currently being adapted to feature the 
ADC functionality necessary for the operation of a CC. The use of high-efficiency materials, large 
area and good timing properties of LYSO will allow to address issues identified by other groups, 
such as challenging statistics and background from accidental coincidences. High granularity 
of the detectors will allow to avoid the problem of pile-ups occurring at high count rates. The 
fraction of events with pile-ups was estimated for typical clinical conditions by means of Monte- 
Carlo simulations. Assuming 3 x 108 protons delivered within 10 ms, which are typical for 
irradiation of a single spot, pile-ups will occur only in 0.5 — 1% of fiber hits, depending on the 
assumed integration time.
Currently several fronts of development are open. The setup is being optimized by means of 
Monte-Carlo simulations, which on the fiber level are benchmarked with the results of laboratory 
tests. Efficiency as well as energy and position resolution are studied for the two considered 
options of the setup: with all fibers aligned or with crossed planes, as sketched in fig. 7. In both 
cases the position along the fiber is obtained from the charge ratio of signals from both sides 
of the fiber, with the expected resolution of 6-10 mm. This can be improved in the clustering 
algorithm, at least in the crossed-planes option, for the clusters where energy is deposited in 
two neighbouring layers. In the aligned fiber version the neighbouring layers are shifted by half
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F ig u re  7. Two studied layouts of the SiFi-CC camera: with all fibers aligned (left), and with 
crossed layers (right). LYSO fibers are shown in green and SiPMs in gray.
of the fiber size to take advantage of the improved position resolution across the fibers for such 
events. A software framework for image reconstruction is under development, the LM-MLEM 
algorithm already implemented. Simulations with realistic position- and energy smearing allow 
us to expect the point spread function of about 5 mm (FWHM) for a 4.4 MeV source.
F ig u re  8. Two schematics of a small-scale prototype of a Compton camera module with different 
fiber arrangements and a photograph of an existing setup, currently under investigation.
In fact already a single module, when ready, can be used for imaging with a passive collimator. 
We are planning to test it as a coded-mask setup, combined with a passive collimator with a 
2d pattern. However, before constructing the first full-scale module, we are developing a small- 
scale prototype of four layers, 16 fibers per layer, as shown in fig. 8. The purpose of this is to 
study the two fiber arrangement options experimentally and validate our simulation as regards 
cumulative effects of a fiber collection, such as an optical cross-talk etc.
4. S u m m ary
Various approaches to on-line monitoring of proton therapy have been presented. Some of them 
have already been successfully tested clinically with patients. The only commissioned setup to
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date providing a three-dimensional verification of the dose is a PE T  scanner INSIDE. It remains 
a challenge to construct a 3d imaging device exploiting prompt-gamma radiation which would 
offer similar performance with a smaller material budget and dimensions.
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